Nitrite reduction is inhibited by anaerobiosis in barley aleurone layers (5) and wheat roots (18), whereas the reduction of nitrate to nitrite by nitrate reductase is enhanced (4). Nitrite accumulates under such conditions and the anaerobic production of nitrite has been used to assay nitrate reductase in situ in a variety of plant tissues (4, 11-13, 17, 22, 24, 25). The reaction was found to be linear for more than 1 hr and dependent upon the addition of exogenous nitrate (4, 13, 24 
leak from the cells, most of the nitrate was still in the cells by the time anaerobic nitrite production ceased. We infer the existence of a small metabolic pool and a large storage pool of nitrate, such that nitrite production ceases when the metabolic pool is depleted of nitrate. The metabolic pool of nitrate in tobacco cells decreased 170-fold as the culture aged from 3 to 5 days. However, total cellular nitrate during this period remained relatively constant.
Anaerobic nitrite production by barley (Hordeum vilgare) aleurone layers and corn (Zea mays) leaf sections also ceased after only a small fraction of endogenous nitrate was reduced and resumed again upon addition of exogenous nitrate. In contrast to that found with tobacco cells, the metabolic pool of nitrate in corn leaf sections remained constant with age, while total endogenous nitrate increased. These results were interpreted to mean that higher plants in general contain metabolic and storage pools of nitrate, the properties of which vary with species and physiological variables.
Nitrite reduction is inhibited by anaerobiosis in barley aleurone layers (5) and wheat roots (18) , whereas the reduction of nitrate to nitrite by nitrate reductase is enhanced (4) . Nitrite accumulates under such conditions and the anaerobic production of nitrite has been used to assay nitrate reductase in situ in a variety of plant tissues (4, 11-13, 17, 22, 24, 25) . The reaction was found to be linear for more than 1 hr and dependent upon the addition of exogenous nitrate (4, 13, 24 contain more than one pool of a compound (20, 21) , and there is evidence for more than one pool of nitrate in cultured tobacco cells (10) . Suspensions of tobacco XD cells were used to test the idea. The nitrate assimilation pathway of these cells has been characterized (8) (9) (10) . In contrast to tissues, organs, or whole plants, every cell in a suspension is exposed to the same exogenous nitrate concentration and this concentration can be easily manipulated. Difficulties of interpretation stemming from cell heterogeneity, intercellular or intertissue transport, and intercellular spaces in organized cell masses do not exist for cell suspensions. Nitrate in plant cell cultures has onlv one originthe external medium-and only three fates-uptake by the cell, return to the external medium or reduction to nitrite. Therefore, it should be possible to account for all the nitrate in a plant cell solely in terms of nitrate transport and nitrate reduction. (23 C) for increasing time periods, nitrite was determined in 0.5-ml aliquots of the cell suspension. Nitrogen was bubbled through the suspension during sample removal to mix the cells, which otherwise settle to the bottom of the vessel, and to prevent oxygen from entering the medium. To the 0.5-ml aliquot, 0.25 ml (0.5 ml in some experiments) each of 1% (w/v) sulfanilamide in 3 N HCl and 0.02% N-(1-napthyl)ethylenediamine dihydrochloride was added (23) . After centrifugation at 2000g for 10 min, absorbancy at 540 nm of the supernatant was determined and nitrite concentration then determined from a standard curve.
MATERIALS AND METHODS
Nitrite produLction usually ceased after 1 to 2 hr of anaerobiosis; however, cells from 3-day-old cultures whose yields approached 2 g fresh weight/ 1 could reduce so much of their nitrate to nitrite, that even after incubation for 2 or 3 hr a plateau was only being approached. Therefore, the maximum amount of nitrite that could be produced by such cells was estimated after presenting nitrite production against time in a double reciprocal plot, and extrapolating the resultant line to infinite time.
Aleurone Layers. The procedure used to prepare aleurone layers was the same as described earlier (2 23 C, the assay was stopped by adding to the medium 0.5 ml of 1% (w/v) sulfanilamide in 3 N HCI and 0.5 ml of 0.02% (w/v) N-(l-napthyl)-ethylenediamine dihydrochloride (23) . After centrifugation at lOOOg for 10 min, absorbance of the supernatant at 540 nm was determined and converted to nitrite by means of a standard curve. Nitrite production was linear with time up to 1 hr, and rates of nitrate reduction were two to three times higher than has been found in previous studies (7, 9. 10) Reduction of nitrate to nitrite was the only significant metabolism of nitrate during the anaerobic incubation, and the plateau was due to a cessation of the reduction of nitrate to nitrite rather than to attainment of a steady state between nitrite production and nitrite consumption. This was shown by comparing the amount of nitrite produced with the amount of nitrate consumed. This experiment was only feasible with cells from young cultures, because with older cultures the decrease in total nitrate due to nitrite production was too small to be measured with sufficient accuracy. According to the averaged results of two separate experiments with 3-day-old cultures, the amount of nitrite produced (7.2 ,umoles/g) could account for the amount of nitrate which disappeared (6.8 p,moles/g).
The plateau level of nitrite was found to be dependent on culture age (Table I) . From the 3rd to 5th day after subculture, fresh weight increased 3-fold, whereas nitrate reductase activity and total endogenous nitrate (after three washes) varied only slightly. In contrast, anaerobic nitrite production decreased 170-fold: from 10 ,umoles/g by cells from 3-day cultures, to 0.06 ,umole/g by cells from 5-day cultures (Table I) . Cells from still older cultures occasionally produced even smaller amounts of nitrite. Anaerobic nitrite production was also found to increase greatly when a cell culture was diluted 1:1 with fresh medium 24 hr before determining the nitrite plateau level (Fig. 2) .
Stability of the Nitrate Reducing System. Nitrite production resumed if exogenous potassium nitrate was added (indicated by arrow in Fig. 1 CaCL, wash medium which had been flushed with N2. The suspension was immediately gassed with nitrogen an additional 1 to 2 min prior to the start of the assay to remove oxygen which was transferred to the medium during addition of the harvested tobacco cells. Nitrite production was measured by allowing nitrate reductase to convert cellular nitrate to nitrite. At time intervals, 0.5-to 1.0-ml aliquots were removed and analyzed for nitrite as described in "Materials and Methods." At 70 min (indicated by an arrow in this and subsequent figures) a concentrated solution-so as not to change appreciably the volume of the assay medium-of either KNO3 or KC1 was added (10 mM final concentration). Following a 10-min aeration period (indicated by horizontal bar), the cell suspension was deaerated again by bubbling nitrogen gas through the medium for 1 to 2 min. Total nitrate (13.6 ,amoles/g fresh wt) of the cells was determined from 10 Al of a boiled aliquot removed from the cell suspension at zero time. Continuous N2 (0); + KNO3 (0); + KCl (A). CaCl2 0.85 mmt and were then resuspended in the same medium (10 ml per g fresh wt cells) which had been deaerated by bubbling nitrogen gas through it. Total nitrate and nitrite accum-ulation were determined as described in Figure 1 and "Materials and Methods." Nitrate reductase was determined in the intact tissue as described in "Materials and Methods."
Culture Age 'days) Effect of fresh culture medium and washing on anaerobic nitrite production. After 3 days growth, one of two sets of cultures was diluted 1:1 with fresh medium. After an additional 24 hr, both sets (diluted and undiluted) of cells were harvested and washed as in "Materials and Methods." After various members of washes nitrite production was assayed during an anaerobic incubation. Open symbols: diluted culture; filled symbols: undiluted culture. Data for one (circles), three (triangles), and five (squares) washed are presented. The nitrate content of the cells after each wash can be found in Table IV. after a brief aerobic period or under continuous anaerobic conditions (Fig. 3) . Thus, the resumption of nitrite production was due specifically to nitrate and not to the potassium or air which were introduced into the medium when nitrate was added.
During anaerobic incubation of cells from 5-to 6-day-old cultures (fresh weight yield, 10.0-12.6 g/ 1) approximately Moo of the endogenous nitrate was converted to nitrite. After nitrite production ceased, various chemicals were added to the incubation mixture, and the amount of nitrite produced in the subsequent hour was determined. Of several chemicals tested, primary and secondary monohydroxy alcohols (Table II) were effective in causing a resumption of nitrite production. In separate experiments this property was also shown for pyrazole (1,2-diazole), propanol (Fig. 4A) , and 2 4-dinitrophenol Cells were from 4-day cultures (yield: 3.5 g/l). Nitrite production was followed as in "Materials and Methods." After cessation of nitrite production, 10 mM KNO3 was added with or without a 10-min aeration period (indicated by bar). Then the suspension was flushed with N2 and nitrite production was again followed. Continuous N2 (0); KN03 with aeration (0); KNO3 without aeration (U). (cf. Figs. 4B and 5) . When DNP was added at the start of the incubation, considerably more nitrite was produced and a plateau was not reached (Fig. 5) . When nitrate and DNP were added together following the cessation of nitrite production, nitrite production resumed, did not reach a second plateau, and occurred at a rate 45 to 75% faster than the sum of the rates due to either agent alone (range of three experiments). Polyhydroxy alcohols, organic solvents, and DMSO, a chemical believed to alter the properties of membranes (1 OA), were without effect (Table II) were harvested, washed, and incubated anaerobically as described in "Materials and Methods." Following cessation of nitrite production, 10 mM KNO3, 1% (v:v) n-propanol, or 10 mM pyrazole were added to separate aliquots of the cell suspension. Nitrate addition was followed by a 5-min aeration period, while continuous anaerobic conditions were used with n-propanol and pyrazole. the latter particularly in combination with nitrate, caused a resumption of nitrite production after the plateau had been reached. It therefore appears that all these agents share the common property of being able to release whatever factor is limiting nitrite production. However, they differed qualitatively in that only after the addition of nitrate was a second plateau consistently observed.
Nitrate Leakage and Nitrite Production. The following experiments were done to determine if the cessation of nitrite production was correlated with a loss of cellular nitrate due to leakage.
Kinetics of nitrate leakage from tobacco cells incubated under anaerobic conditions are shown in Table III Nitrate could be released from the cells by washing (Fig.  6 ). The removal of nitrate from cells by washing-in contrast to nitrite production (Fig. 2) -was only slightly affected by 1:1 dilution of cells with fresh medium 24 hr before the anaerobic incubation (Table IV) . This too is inconsistent with the idea that the cessation of anaerobic nitrite production was a consequence of nitrate leakage.
Cold and anaerobiosis are known to cause solute leakage in plant tissues (3, 16) . If nitrite production slowed down and eventually ceased as a result of a gradual leakage of nitrate from the cells into the surrounding medium, then preincubation at 0 C would probably allow nitrate to leak out without concomitant enzymatic nitrite production. Then, upon warming the cells, they would not have sufficient endogenous nitrate to reduce to nitrite. However, this effect was not observed (Fig. 7) . Cells preincubated at 0 C for 2 hr produced nitrite at a rate comparable to the rate of nitrite production by cells incubated continuously at 23 C. Furthermore, the amount of nitrite produced after transfer from 0 to 23 C was also the same as that produced by cells at 23 C continuously. (Fig. 6 ). Thus, it was possible to examine the influence of different levels of nitrate on nitrite production. Up to three washes had little or no effect on the nitrite plateau, regardless of whether the plateau level was low (0.25 ,umole/g; Fig. 2) or high (4.4-6.2 ,emoles/g; Table V ). In the experiment presented in Table V (Table V) .
Nitrite Production and Exogenous Nitrate Concentration. Anaerobic production of nitrite dependent on an exogenous supply of nitrate, has frequently been used to assay nitrate reductase in situ (4, 11-13, 17, 22, 24, 25) . This raised the possibility that the plateau level of nitrite production might be determined by the exogenous concentration of nitrate resulting from leakage. This explanation seemed unlikely because widely differening plateau levels were observed with essentially the same exogenous nitrate concentration (about 0.05 mm after three washes) due to leakage.
To examine more critically the possibility that exogenous nitrate governed nitrite production, cells were washed five times to eliminate essentially anaerobic nitrite production (Fig.  2) . These exhaustively washed cells were then incubated with various external concentrations of nitrate (Fig. 8A) . The initial rate of nitrite production and the plateau level of nitrite were indeed dependent on the concentration of exogenous nitrate, with half-maximal values at 1.32 mm and 1.47 mm nitrate, respectively (Fig. 8B) . At 10 mm KNO3, the maximum plateau height (0.65 ,umole/g) and initial rate of nitrite production (3 umoles/h g) were measured. It is clear from these results that nitrite production can be made dependent on the exogenous nitrate concentration; nevertheless, this dependence cannot account for the plateaus observed with cells washed three times and exposed to an external nitrate concentration resulting solely from leakage. For example, after three washes, there existed an external nitrate concentration of 0.046 mm (Table  V) , a concentration far below that apparently required even for the half-maximal nitrite production rate and plateau height TIME, min e D.47 mMT'
[mM], FIG. 8 . Dependence of anaerobic nitrite production on exogenous nitrate concentration. Cells were harvested at 2.6 g/l. The nitrate content (30.7 ,amoles/g) was determined in a 0.5-g sample which had been boiled. The remainder of the cells were washed five times and another 0.5-g sample was taken for nitrate determination (15.2 ,smoles/g). The remainder was divided into 1-g portions which were incubated anaerobically in CaCl2 + KCl solution (20 ml/g) containing 0 (0), 0.3 (0), 1 (0O), 3 (a), 10 (A), or 30 mM KNO3 (A). Nitrite production was followed as described in "Materials and Methods." A: Nitrite produced versus incubation time. B: double reciprocal plots of initial rate of nitrite production (0) and plateau level of nitrite (A), both derived from data in Figure 8A . measured (Fig. 8B) ; yet, in the presence of 0.046 mm external nitrate, there was a high initial rate of nitrite production (4.2 ,umoles/h g), and a high plateau (6.2 eimoles/g; Table V ).
Clearly, the nitrite produced must be coming from some nitrate source other than the external medium.
Resumption and Cessation of Nitrite Production. Cells from 5-day cultures produced approximately 0.23 numole nitrite/g during anaerobic incubation (Fig. 9) . Following the cessation of nitrite production, nitrate was added to the incubation mixture to final concentrations of 1, 10, or 50 mm. In each case, nitrite production resumed, approached a second plateau and even resumed a third time upon the addition of more nitrate (Fig. 9) . The amount of nitrite produced in response to 1 mM nitrate was one-half to one-third that produced in response to 10 or 50 mm nitrate, the latter levels being saturating. In this same experiment, DNP added after establishment of the second plateau caused a burst of nitrite production. The rate of nitrite production in the presence of DNP was dependent on the amount of nitrate added. In the 50 min after establishment of the second plateau and addition of DNP, 135, 360, and 305 nmoles nitrite/g were produced by cells which had received 1, 10, and 50 mM nitrate, respectively. This is the same dependence on exogenous nitrate concentration which was observed for establishment of the second plateau (Fig. 9) , and for nitrite production by exhaustively washed cells (Fig. 8A) . It therefore appears that after the second plateau was established and nitrite production had ceased, DNP made the remaining exogenous nitrate available for reduction.
Data indicate that the height of the first and second plateaus can be related to relatively high levels of externally added nitrate (Figs. 8 and 9 ). In both of these situations, the question arose: why did nitrite production stop when only a small fraction of the nitrate available was reduced? One possibility which we considered was that the cells deplete the medium and sequester the majority of the added exogenous nitrate. Considering that at hour (accounting for only a tiny fraction of the 200 ,umoles), the cells would be required to take up nitrate at 200 ,moles/ h-g-about 40 times the measured uptake rates (10) . They would also have to achieve a nitrate concentration of 200 ,umoles/g-about six times the highest measured concentrations (Table I ). These considerations were rejected when it was found that exogenous nitrate was undiminished at the time of cessation of nitrite production.
Nitrite Production by Aleurone Layers and Corn Leaf sections. Aleurone layers (Fig. 10 ) and corn leaf sections (Fig. 11) showed nitrite production kinetics similar to those observed with tobacco cells. In the case of aleurone layers, the second plateau was not level. Instead, the nitrite level decreased with time. This observation is consistent with the finding that this tissue is capable of reducing low levels of nitrite under anaerobic conditions (5). The ratio of nitrite-accumulated to initial If nitrite production ceased because of the decay of nitrate reductase or a cofactor in the nitrate reducing system, then, because of their ability to cause a resumption in nitrite production, nitrate (Fig. 1) , monohydroxy alcohols (Table II) , pyrazole and DNP (Fig. 4) would all have to share the common property of virtually being able to restore almost instantaneously the level of the deficient component. A more probable interpretation of these results is that the components of the nitrate reducing system remain fully active after the cessation of nitrite production, and that nitrite production ceased because the concentration of nitrate in the vicinitv of the nitrate reducing system drops to a level which at best can only support a very low rate of nitrate reduction.
It seems unlikely that nitrite production ceased because of a gradual leakage of nitrate during the anaerobic incubation.
Several observations were inconsistent with such an interpretation. For example, (a) nitrite production was found to continue even after nitrate leakage had ceased. (b) Nitrite production ( Fig. 2) , but not nitrate leakage (Table IV) (21) . Based on washout kinetics (Fig. 6) , most of the nitrate removed during the first three washes was extracellular or wall bound. Therefore, its removal would not be expected to affect the level of nitrite produced since nitrate reductase is located intracellularly (1). As expected, the level of nitrite produced was unaffected (Fig. 2) or only slightlIy affected (Table V) up to three washes. However, after five washes, the amount of nitrite produced was reduced nearly 90% from that of unwashed or thrice-washed cells (Fig. 2) . This dramatic reduction occurred even though the extractable nitrate was decreased only slightly (approximately 10-20%c) from three to five washes (Fig. 6 ). This indicates that the reducible (metabolic pool nitrate) nitrate remaining after three washes was cytoplasmic (21) . The nitrate which was difficult to remove by washing and unavailable for reduction (storage pool nitrate), probably represents vacuolar nitrate (21) .
Our data indicated that with tobacco cells the size of the metabolic pool decreased with age, whereas the storage pool remained relatively constant (Table I ). This assumes that the metabolic and storage pools of nitrate are strictly separated from the beginning of anaerobic incubation. and that cessation of nitrite production occurs when all of the nitrate in the metabolic pool has been reduced. One possibilitv which at this time cannot be rejected, is that there was transport from one pool to the other. If (14) . Such an effect would initially expose the nitrate-reducing system to an internal nitrate concentration greater than that measured in the external medium. The resulting molarity of internal nitrate (15-20 mM) would then be more than sufficient to cause the observed high rates of nitrite production. In vivo nitrate reductase activity in soybean leaves was also found to be enhanced by alcohols of increasing chain length (11) .
